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LOW NOISE BIPOLAR HIGH VOLTAGE
REGULATOR

RELATED APPLICATION

This application 1s the national stage of International
Application No. PCT/IB2020/058906 filed on Sep. 24,
2020, entitled “Low Noise Bipolar High Voltage Regulator,”
which claims priority to U.S. provisional application No.
62/905,038 filed on Sep. 24, 2019, enftitled “Low Noise
Bipolar High Voltage Regulator,” which are incorporated
herein 1n their entireties.

BACKGROUND

The present teachings are generally related to voltage
regulators and more specifically to voltage regulators that
can be used 1n mass spectrometry systems.

Mass spectrometry systems employ high voltages for
operating a variety of system components. For example, 1n
time-of-tlight mass spectrometers, high voltages are
employed for accelerating 1ons and as bias voltages for 10n
mirrors.

Voltage regulators for regulating voltages supplied by
high voltage sources of mass spectrometers are known. Such
conventional voltage regulators, however, sufler from a
number of shortcomings. For example, conventional voltage
regulators exhibit large power losses, which present chal-
lenges for thermal management of these regulators. In
particular, most high voltage regulator circuits are encapsu-
lated 1n a sealed housing 1n order to permit their operation
at high voltages. Such encapsulation of the circuits render
heat dissipation diflicult, thus presenting challenges for
thermal management of the voltage regulators.

For example, FIG. 1 schematically depicts a conventional
shunt regulator that exhibits significant power dissipation
and poor rise and fall time. FIG. 2 schematically depicts a
conventional series voltage regulator that due to unavail-
ability of sufliciently high voltage transistors needed 1n
high-voltage applications requires multiple transistors con-
nected 1n series to be able to handle a high differential
voltage between its mput and 1ts output.

Accordingly, there 1s a need for ligh-voltage regulators
that exhibit a low power dissipation as well as high stability
and low noise.

SUMMARY

In one aspect, a voltage regulator 1s disclosed, which
comprises a first voltage regulator unit configured for regu-
lating a voltage generated by a positive high voltage source,
a second voltage regulator unit configured for regulating a
voltage generated by a negative high voltage source, a
polarity switch for connecting said first and second voltage
regulator units to said positive and negative high voltage
sources, respectively, and an output voltage port for receiv-
ing a regulated positive and negative high voltage from said
first and said second voltage regulator units, respectively.
Each of the voltage regulator units comprises a voltage-
regulating transistor configured to regulate one of the posi-
tive and negative polarity voltages. A Zener diode 1s elec-
trically connected in parallel to the wvoltage-regulating
transistor so as to provide a low impedance bypass path
around said voltage-regulating transistor when the voltage-
regulating transistor 1s coupled via said polarity switch to
one of said voltage sources providing a voltage having a
polarity opposite to the voltage polarity associated with said
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voltage-regulating transistor. Further, for each of the first
and second voltage regulator units, a feedback path extends
from the output voltage port to a base of the voltage-
regulating transistor associated with the voltage regulator
unit for modulating a current applied to the transistor base so
as to adjust conductivity of said voltage-regulating transistor
and hence an output voltage generated at said output voltage
port.

Any of the first and the second voltage regulator units
comprises at least one shunt transistor disposed between the
base of the voltage-regulating transistor of that voltage
regulator unit and the ground. The base of the shunt tran-
sistor can be coupled to the output voltage port via a
respective one of the feedback paths to allow application of
a feedback signal thereto.

In some embodiments, the at least one shunt transistor
comprises a plurality of shunt transistors that are electrically
coupled 1n series with one another. The last shunt transistor
in the series 1s coupled to the electric ground, either directly
or via a resistor. One of the feedback paths 1s coupled to the
base of this shunt transistor to apply a feedback signal
thereto for modulating 1ts conductance.

A resistive voltage divider, which comprises a plurality of
resistors connected i1n series, 1s electrically disposed
between an mput port of the voltage-regulating transistor
and the electric ground. The base of each of the plurality of
shunt transistors that are coupled in series, other than the
base of the last shunt transistor, 1s electrically coupled to a
junction between two of said plurality of resistors of the
resistive voltage divider such that a fraction of a voltage
applied to a terminal of said resistive voltage divider is
applied to the base of that shunt transistor.

In some embodiments, a first diode 1s disposed 1n series
with the resistive voltage divider and a second diode 1s
disposed 1 a path connecting the base of the voltage-
regulating transistor to ground, where each diode 1s config-
ured to activate and deactivate the voltage-regulating tran-
sistor and the shunt transistors based on polarity of voltage
at said output voltage port.

In some embodiments, the voltage regulator can further
include an output resistive voltage divider for receiving an
output voltage of any of the first and the second voltage-
regulating units and providing a fraction of the received
voltage at the output voltage port of the voltage regulator.

In some embodiments, the voltage regulator can further
include a pair of comparators each of which 1s associated
with one of the feedback paths. Each comparator 1s config-
ured to compare an output voltage at the output voltage port
of the voltage regulator with a predefined voltage and to
generate a feedback signal based on that comparison. In
some embodiments, the voltage regulator can further include
a first high-voltage control circuit for controlling the positive
high-voltage source and a second high-voltage control cir-
cuit for controlling the negative high-voltage source.

In a related aspect, a voltage regulator for use 1n a mass
spectrometry system 1s disclosed, which comprises a first
voltage regulator unit having a first voltage-regulating tran-
sistor configured for regulating a voltage generated by a
positive high-voltage source, and a second voltage regulator
unit having a second voltage-regulating transistor config-
ured for regulating a voltage generated by a negative high-
voltage source. The voltage regulator further includes a
polarity switch for connecting the first and the second
voltage regulator units to the positive and negative high
voltage sources, respectively. The voltage regulator further
includes an output voltage port for receiving a regulated
positive and negative high voltage from said first and said
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second voltage regulator units, respectively. A first shunt
regulator 1s configured for controlling the first voltage
regulator unit, and a second shunt regulator 1s configured for
controlling the second voltage regulator unit. A first feed-
back path extends from said output voltage port to the first
shunt regulator for providing a first feedback signal thereto,
where said first shunt regulator 1s configured to adjust
conductance of said first voltage-regulating transistor in
response to the feedback signal so as to regulate the positive
voltage at said output voltage port. A second feedback path
extends from said output voltage port to the second shunt
regulator unit for providing a second feedback signal
thereto, where said second shunt regulator unit 1s configured
to adjust conductance of said second voltage-regulating
transistor 1n response to said feedback signal so as to
regulate said negative voltage at said output voltage port.

In some embodiments, the first shunt regulator unit can
include a plurality of transistors connected in series between
a base of said first voltage-regulating transistor and the
clectric ground. Further, the second shunt regulator unit can
include a plurality of transistors connected in series between
a base of said second voltage-regulating transistor and the
clectric ground.

In some embodiments, the first shunt regulator unit can
turther include a first voltage divider connected between an
input port of said first voltage-regulating transistor and the
clectric ground for applying to each of a subset of said
transistors of the first shunt regulator unit a different fraction
ol a voltage applied to the 1mput port of the voltage divider.

In some embodiments, the second shunt regulator umit
includes a second voltage divider connected between an
input port of said second voltage-regulating transistor and
the electric ground for applying to each of a subset of said
transistors of the second shunt regulator unit a diflerent
fraction of a voltage applied to the input port of the voltage
divider.

In some embodiments, a first diode 1s disposed between
the base of said first voltage-regulating transistor and the
plurality of transistors of the first shunt regulator unit so as
to activate and deactivate said first voltage-regulating tran-
sistor based on a voltage at said voltage output port. A
second diode 1s disposed 1n series with said first voltage
divider and 1s configured to activate and deactivate the
transistors of the first shunt regulator unit based on a voltage
at said voltage output port. Further, in some embodiments,
a third diode 1s disposed between the base of said second
voltage-regulating transistor and the plurality of transistors
of the second shunt regulator unit so as to activate and
deactivate said second voltage-regulating transistor based on
a voltage at said voltage output port. A fourth diode can be
disposed 1n series with said second voltage divider for
activating and deactivating the transistors of said second
shunt regulator based on a voltage at said voltage output
port.

Further understanding of various aspects of the present
teachings can be obtained by reference to the following

detailed description in conjunction with the associated draw-
ings, which are brietly described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts a prior art voltage regulator,

FIG. 2 schematically depicts another prior art voltage
regulator,

FIG. 3 schematically depicts a voltage regulator accord-
ing to an embodiment, and

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 4 schematically depicts a mass spectrometry system
in which a voltage regulator according to an embodiment 1s
employed.

DETAILED DESCRIPTION

The present teachings provide a low-power dissipation
high-voltage regulator, which can operate in both positive
and negative polarity and can maintain a controlled differ-
ential voltage between 1ts input and output. In some embodi-
ments, such a voltage regulator can be implemented using
low-voltage and low-power transistors, which can 1n turn
limit the power dissipation exhibited by the voltage regula-
tor. For example, 1n some such embodiments, the voltage
regulator can exhibit a power dissipation that i1s less than
about 0.5 Watts. As discussed 1n more detail below, 1n such
a voltage regulator, the output voltage 1s adjustable and the
voltage regulator includes a positive-voltage and a negative-
voltage regulating element that can maintain the output
voltage within an acceptable tolerance of a desired value.

FIG. 3 schematically depicts a voltage regulator 100
according to an embodiment of the present teachings, which
includes a positive high-voltage source 102 and a negative
high-voltage source 104. Two high-voltage control units 106
and 108 control, respectively, the voltage sources 102 and
104.

The voltage regulator 100 includes two shunt regulators
110 and 112, which can regulate the positive and the
negative voltages at the output of the voltage regulator 100,
in a manner discussed 1 more detail below (the shunt
regulator 110 1s herein referred to as “positive shunt regu-
lator” and the shunt regulator 112 is herein referred to as
“negative shunt regulator™).

The voltage regulator 100 includes a polarity switch 114
that allows electrically connecting the input ports of the
shunt regulators to the positive or the negative voltage
sources 102 and 104.

As discussed 1n more detail below, each of the shunt
regulators 110 and 112 includes a voltage-regulating tran-
sistor whose conductance can be adjusted based on a feed-
back signal generated 1n response to an output voltage of the
regulator so as to regulate the output voltage within a desired
range.

More specifically, the shunt regulator 110 regulates posi-
tive 1mput voltages and includes a voltage-regulating tran-
sistor (Q1, which 1s a pnp bipolar transistor that 1s electrically
coupled in series at its emitter port E to one terminal of the
resistor R1 whose other terminal 1s electrically coupled to
the polarnity switch 114 to receirve a positive or a negative
high voltage from the positive or the negative voltage
sources 102 and 104, respectively, based on the position of
the polarity switch.

As the shunt regulator 110 1s configured to regulate a
positive voltage generated by the positive voltage source
102, Zener diode D1 1s coupled 1n parallel with the combi-
nation of resistor R1 and the voltage-regulating transistor Q1
to provide a low-impedance bypass path around the voltage-
regulating transistor Q1 when the polarity switch 1s set in a
negative-voltage position. More specifically, the Zener
diode D1 1s in a non-conducting state (1.e., 1n the reverse bias
region) when the polarity switch 1s set in a positive-voltage
position so that the shunt regulator 110 will regulate the
voltage supplied by the positive high-voltage source. In
contrast, when the polarity switch 1s set in a negative-voltage
position, the voltage across the Zener diode can cause the
diode to operate 1n the forward bias region and the diode can
start conducting once the voltage across it exceeds the
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torward bias voltage (typically about 0.6 volts). Thus, Zener
diode D1 can provide a low-impedance path around the
voltage-regulating transistor (Q1 such that the negative high-
voltage supplied by the voltage source 104 can be applied to
the negative-voltage shunt regulator 112.

The negative shunt regulator 112 includes a voltage-
regulating transistor (Q2, which 1s an npn bipolar transistor
in this embodiment and 1s electrically coupled 1n series at 1ts
emitter port E to one terminal of the resistor R4 whose other
terminal 1s electrically coupled to a terminal of resistor R3,
which 1s disposed 1n series between the positive and the
negative shunt regulators 110 and 112.

As the shunt regulator 112 1s configured for regulating a
negative voltage generated by the negative voltage source
104, Zener diode D2 1s coupled 1n parallel with the combi-
nation of resistor R4 and the voltage-regulating transistor Q2
to allow the negative voltage regulator 112 to regulate the
negative voltage when the polanty switch 1s set 1 the
negative voltage position and to bypass the negative voltage
regulator 112 when the polarity switch 1s set in the positive
voltage position.

More specifically, Zener diode D2 1s 1n a non-conducting,
state (1.e., 1n the reverse bias region) when the polarity
switch 1s set 1n a negative-voltage position so that the shunt
regulator 112 will regulate the negative high voltage sup-
plied by the negative high-voltage source 104. In contrast,
when the polarity switch 1s set 1n a positive-voltage position,
the voltage across the Zener diode can cause the diode to
operate 1n the forward bias region and the diode can start
conducting once the voltage across 1t exceeds the forward
bias voltage (typically about 0.6 volts). Thus, 1n this con-
ducting configuration, Zener diode D2 can provide a low-
impedance path around the voltage-regulating transistor ()2
such that the positive high-voltage supplied by the voltage
source 102 can be applied to the positive-voltage shunt
regulator 110.

In this embodiment, diodes D1 and D2 are high-voltage
surge suppressors that serve to not only bypass transistors
Q1 and Q2 when the polarity of the input voltage 1s opposite
to the polarity associated with operation of Q1 and Q2, but
also to protect the voltage-regulating transistors (Q1 and Q2
by clamping the maximum voltage across these transistors
below their respective breakdown voltages.

Referring again to the positive shunt regulator 110, a
diode D6, a plurality of shunt transistors (Q3, Q4, Q7, O8,
09), and resistor R13 provide a path via which the conduc-
tance of the voltage-regulating transistor Q1 can be modu-
lated 1n response to a feedback signal generated based on the
output voltage of the voltage regulator, 1n a manner dis-
cussed 1n more detail below.

High voltage diode D6 can activate and deactivate the
voltage-regulating transistor based on the polarity of the
voltage applied to the voltage regulator. A resistor RS
clectrically couples diode D8 to terminal B' of resistor R3.
The voltage at this terminal can activate or deactivate the
diode based on the polarity of the mput voltage. More
specifically, when the applied voltage 1s a positive voltage,
diode D6 can activate the voltage-regulating transistor and
when the applied voltage 1s a negative voltage, diode D6 can
deactivate the voltage-regulating transistor.

A positive-voltage feedback path 200 couples the output
of a comparator 402 to the base of the shunt transistor 99,
via resistor R12, so as to allow providing a feedback signal
to the base of the shunt transistor Q9. The comparator 402
receives, at one mput port, the voltage at the output port of
the voltage regulator, which 1s set by a voltage divider 116
consisting of resistors R19 and R20, and recerves at its other
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iput port a set voltage defined by a positive high voltage
control circuit 403. The comparator compares the two volt-
ages and applies a feedback signal to the base of the shunt
transistor (9. As discussed 1n more detail below, the feed-
back signal applied to the shunt transistor Q9 can modulate
its conductivity and hence the current flowing from the
emitter terminal E to collector terminal C of transistor Q1
and from the collector terminal C to the voltage divider 116,
thus adjusting the voltage at output voltage port (OP) of the
voltage regulator.

A resistive voltage divider 118 applies different fractions
ol the voltage applied to its mnput terminal A to the bases of
the shunt transistors Q3, Q4, Q7, and Q8. More specifically,
in this embodiment, an electrical path comprising diode D5,
resistors R6, R7, R10 and R11 connects terminal B of
resistor R1 to the electric ground. Diode DS activates and
deactivates the shunt transistors Q3, Q4, Q7, and Q8 based
on the polarity of the voltage applied to terminal B of
resistor R1. More specifically, when terminal B of resistor
R1 1s connected to the positive high-voltage source 102,
diode D1 will be 1n a conducting state and hence will allow
application of fractions of the voltage applied to terminal B
of the shunt voltage divider 118 to the bases of the transistors
Q3, Q4, Q7 and (8. Thus, when diode D5 1s 1n a conducting
state, the voltages applied to the bases of Q3, Q4, Q7, and
Q8 will cause these transistors to be 1n a conducting state,
thereby providing a path for the flow of current between the
base of the voltage-regulating transistor Q1, via the transis-
tor (Q9, to the ground.

Referring now to the negative shunt regulator 112, this
shunt regulator 1s configured similar to the shunt regulator
110 but for regulating negative, rather than positive, volt-
ages. Specifically, the negative shunt regulator 112 1ncludes
a voltage-regulating transistor Q2, which 1 this embodi-
ment 1s a npn bipolar transistor that 1s electrically coupled in
series at 1ts emitter port B' to one terminal of resistor R4
whose other terminal 1s electrically coupled to resistor R3,
which 1s disposed between the positive voltage regulator 110
and the negative voltage regulator 112.

As the shunt regulator 112 1s configured for regulating a
negative voltage generated by the negative voltage source
104, Zener diode D2 1s coupled 1n parallel with the combi-
nation of resistor R4 and the voltage-regulating transistor ()2
to provide a low-impedance bypass path around the voltage-
regulating transistor Q2 when the polarity switch 1s set in a
positive-voltage position. More specifically, Zener diode D2
1s 11 a non-conducting state (1.e., in the reverse bias region)
when the polarity switch 1s set 1n a negative-voltage position
so that the shunt regulator 112 will regulate the voltage
supplied by the negative high-voltage source. In contrast,
when the polarity switch is set 1n a positive-voltage position,
the voltage across the Zener diode can cause the diode to
operate 1n the forward bias region and the diode can start
conducting once the voltage across it exceeds the forward
bias voltage (typically about 0.6 volts). Thus, 1n such a
conducting state, Zener diode D2 can provide a low-1mped-
ance path around the voltage-regulating transistor Q2 such
that the positive high-voltage supplied by the voltage source
102 can be regulated by the positive voltage regulator 110.

Diode D8, a plurality of shunt transistors (Q35, Q6, (010,
Q11, Q12), and resistor R17 provide a path via which the
conductance of the voltage-regulating transistor Q2 can be
modulated 1 response to a feedback signal generated based
on the output voltage of the voltage regulator, 1n a manner
discussed in more detail below.

Diode D8 can activate and deactivate the voltage-regu-
lating transistor Q2 based on the polarity of the voltage
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applied to the voltage regulator. A resistor RS couples diode
D8 to terminal B' of resistor R4. The voltage at this terminal
can then activate or deactivate the diode based on the
polarity of the input voltage. When the applied voltage 1s a
negative voltage the diode D8 can activate the voltage-
regulating transistor and when the applied voltage 1s a
positive voltage, the diode D8 can deactivate the voltage-
regulating transistor.

A resistive voltage divider 120 applies diflerent fractions
of the voltage applied to terminal A' thereof to the bases of
the shunt transistors Q5, Q6, 010, and Q11. More specifi-
cally, in this embodiment, an electrical path comprising
diode D7, and resistors R8, R9, R14 and R15 connects a
terminal of resistor R4 to the electric ground. Diode D7
activates and deactivates the shunt transistors Q5, Q6, Q10,
and Q11 based on the polanty of the input voltage.

A negative-voltage feedback path 202 couples the output
of a comparator 400 to the base of the shunt transistor Q12
so as to allow applying a feedback signal to the base of the
shunt transistor Q12. The comparator 400 receives, at one
input port, the voltage at the output port (OP) of the voltage
regulator, which 1s set, as discussed above, by a voltage
divider consisting of resistors R19 and R20, and receives at
its other iput port a set voltage defined by a negative high
voltage control circuit 403. The comparator compares the
two voltages and applies a feedback signal to the base of the
shunt transistor Q12. The feedback signal applied to the
shunt transistor Q12 can modulate its conductivity and
hence the current flowing through the base of the voltage-
regulating transistor (Q2, which in turn adjusts the conduc-
tance of transistor Q2 and hence regulates the output voltage

on the load R18.

More specifically, when the polarity switch 114 1s set in
a negative-voltage state, 1.e., when the polarity switch 114
couples the negative voltage regulator units to the negative
voltage source 104, diode D1 of the positive voltage regu-
lator 110 will be 1n a conducting state, thus allowing
application of the negative voltage to the negative voltage
regulator 112. The application of the negative voltage to the
negative voltage regulator 112 will cause diode D7 to

transition to a conducting state and hence allow the
application of fractions of a voltage applied to terminal B' of
resistor R4 to the bases of the transistors Q5, Q6, Q10, and
Q11, thus activating these transistors. Thus, when diode D7
transitions 1nto a conducting state, fractions of the voltage
applied to the top terminal of the resistive voltage divider
120 are applied to the bases of these transistors to activate
them, thereby allowing current tlow between the base of the
voltage-regulating transistor Q2 and the electric ground.

As noted above, 1 this embodiment, a resistive voltage
divider consisting of resistors R19 and R20 1s provided at the
output of the voltage regulator, where the output voltage port
(OP) of the voltage regulator 1s at the junction between
resistors R19 and R20. In this embodiment, capacitor C54 1s
a ripple filter capacitor and resistor R18 represents the load
and they are coupled electrically 1n parallel with the voltage
divider.

In use, control circuits 106 and 108 set the input voltage
levels supplied by the positive and the negative voltage
sources 102 and 104 such that the voltage-regulating tran-
sistors Q1 and Q2 would operate 1n the linear mode. The
teedback signals applied via the feedback paths 200 and 202
to shunt transistors Q9 and Q12 described above control the
current circulating via emitters of transistors Q9 or 12,
based on the polarity of the input voltage. This can in turn
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control the conductance of the voltage-regulating transistors
Q1 and Q2 and hence adjust the voltage level at the output
voltage port (OP).

More specifically, when the input voltage 1s positive,
transistor Q1 1s active i linear mode and provides the
regulation of the applied voltage. In such a mode, transistor
Q2 1s bypassed by Zener diode D1 that would be operating
in the forward bias mode. Further, diodes D5 and D6 will be
biased 1n the forward bias mode and will hence enable the
corresponding shunt regulator transistors that control the
conductance of the voltage-regulating transistor Q1, which
can in turn control the current tlow therethrough and hence
the current flow through the output voltage divider 116.

For negative input voltages, transistor Q1 1s bypassed by
diode D1 and the voltage-regulating transistor (Q2 operates
to regulate the output voltage. In such a mode, diodes D3
and D6 are biased in reverse, thus effectively disconnecting
the positive shunt regulator from the circuit. Diodes D7 and
D8 are forward biased to allow the negative shunt regulator
to control the conductance of the voltage-regulating transis-
tor Q2, which 1 turn controls the flow of current there-
through and hence the current flow to the output voltage
divider 116.

More specifically, the feedback signals applied to Q9 and
Q12 control the current circulating via the emitters of Q9
and Q12, depending on the polarity of the input voltage by
changing the voltage applied to the base of each of these
transistors. The voltages on resistors R13 and R17 will
follow the base voltages minus the base emitter voltage drop
of approximately 600 mV. As the emitter currents of Q9 and
Q12 circulate via resistors R13 and R17, they are controlled
by the voltages applied to these resistors. Further, since in
high-gain transistors, emitter current 1s approximately equal
to the collector current, these currents will circulate through
the emitters and collectors of all transistors in the shunt
regulators (1.e., Q3 to Q9 for the positive shunt regulator and
Q5 to Q12 for the negative shunt regulator). The current
circulating through Q3 to Q9 will be shared by R2 and the
base of Q1 and the current circulating through Q3 to Q12
will be shared by RS and the base of Q2. By modifying the
base currents of Q1 and Q2, the collector currents of Q1 and
(Q2 can be controlled as the collector currents are related to
the base currents by the gains of these transistors.

Thus, the current applied to the output voltage divider 116
1s regulated via voltage-regulating transistors Q1 and Q2 1n
order to maintain the voltage regulator’s output voltage at a
desired level (1.e., within an acceptable variation range).

A high-voltage regulator according to the present teach-
ings provides a number of advantages. For example, such a
high-voltage regulator can regulate positive and negative
voltages while using a single voltage divider at 1ts output.
Further, 1t employs low-voltage, low-current transistors,
which limit heat generated during the operation of the
voltage regulator, thus facilitating thermal management
thereof.

A voltage regulator according to the present teachings can
be incorporated 1n a variety of different mass spectrometry
systems. By way of example, U.S. Pat. No. 7,518,107, which
1s herein incorporated by reference 1n 1ts entirety, discloses
a time-oi-flight mass spectrometer that can be modified 1n
accordance with the present teachings to include voltage
regulator(s) disclosed herein. FIG. 4 schematically depicts
such a time-oi-flight mass spectrometry system 20 according
to an embodiment, which includes an 10n source 21 having
a sample support 25 from which 1ons are desorbed, one or
more 1on detectors 24, 52 and 10n optic components com-
prising an electrostatic 10on accelerator 26 and an electro-
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static mirror 28, which are located within a vacuum housing
22. Temperature sensors 40 can be mounted on various
locations of the thght path assembly for providing tempera-
ture measurements.

With continued reference to FIG. 4, the time-of-tlight
mass spectrometer 20 further includes high-voltage power
supplies 36 and 38 that can be connected to the accelerom-
eter 26 and mirror 28, respectively, to apply voltages thereto,
for accelerating and deflecting the 10ns. In this embodiment,
the high-voltage power supplies 36 and 38 include high-
voltage regulators 36a and 38a according to the present
teachings for regulating high voltage generated by these

power supplies.

In use, 10ons can be produced 1n the 10n source 21 and a
pulse of 1ons 30 can be accelerated through an electric field
presented by the accelerometer 26 through the application of
an electrostatic potential between the sample support 235 and
a second electrode 27. The pulse of 1ons 30 fly a fixed
distance, commonly referred to as the flight distance, to the
detector 24 and the detector produces corresponding signals
at the times that 1ons arrive. In some embodiments, the flight
distance can be the distance defined by the path from the
sample support 25 to the detector 52 with no voltage applied
to the mirror 28.

Those having ordinary skill in the art will appreciate that
various changes can be made to the above embodiments
without departing from the scope of the invention.

What 1s claimed 1s:

1. A voltage regulator, comprising:

a lirst voltage regulator unit configured for regulating a

voltage generated by a positive high voltage source,
a second voltage regulator umt configured for regulating
a voltage generated by a negative high voltage source,

a polarity switch for connecting said first and second
voltage regulator units to said positive and negative
high voltage sources, respectively, and

an output voltage port for receiving a regulated positive

and negative high voltage from said first and said
second voltage regulator units, respectively,

wherein each of said voltage regulator units comprises:

a voltage-regulating transistor configured to regulate
one of said positive and negative polarity voltages,

a Zener diode connected 1n parallel to said voltage-
regulating transistor so as to provide a low 1mped-
ance bypass path around said voltage-regulating
transistor when the voltage-regulating transistor is
coupled via said polarity switch to one of said
voltage sources providing a voltage having a polarity
opposite to the voltage polarity associated with said
voltage-regulating transistor, and

for each of said first and second voltage regulator units,
a feedback path extending from said output voltage
port to a base of the voltage-regulating transistor
associated with said voltage regulator unit for modu-
lating a current applied to said base so as to adjust
conductivity of said voltage-regulating transistor and
hence an output voltage generated at said output
voltage port.

2. The voltage regulator of claim 1, wherein any of said
first and said second voltage regulator units comprises at
least one shunt transistor disposed between the base of the
voltage-regulating transistor of that voltage regulator unit
and the ground.

3. The voltage regulator of claim 2, wherein a base of said
at least one shunt transistor 1s coupled to said output voltage
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port via a respective one of said feedback paths to allow
application of a feedback signal to said base of the at least
one shunt transistor.

4. The voltage regulator of claim 3, wherein said at least
one shunt transistor comprises a plurality of shunt transistors
coupled 1n series to one another.

5. The voltage regulator of claim 4, wherein said respec-
tive feedback path 1s coupled to a base of a last one of said
plurality of shunt transistors, said last shunt transistor being,
coupled directly or via one or more resistors to the ground.

6. The voltage regulator of claim 3, further comprising a
resistive voltage divider electrically disposed between an
iput port of said voltage-regulating transistor and the
ground.

7. The voltage regulator of claim 6, wherein said resistive
voltage divider comprises a plurality of resistors coupled in
series.

8. The voltage regulator of claim 7, wherein a base of each
of said plurality of shunt transistors that are coupled 1n
series, other than a base of said last shunt transistor, is
clectrically coupled to a junction between two of said
plurality of resistors of said resistive voltage divider such
that a fraction of a voltage applied to an mput port of the
voltage regulating transistor 1s applied to said base of that
shunt transistor.

9. The voltage regulator of claim 8, further comprising a
first diode disposed 1n series with said voltage divider and a
second diode disposed 1n a path connecting the base of the
voltage-regulating transistor to ground, said diodes being
configured to activate and deactivate said voltage-regulating
transistor and said shunt transistors based on polarnty of
voltage at said output voltage port.

10. The voltage regulator of claim 1, further comprising
a resistive voltage divider for recerving an output voltage of
any ol said first and second voltage regulating units and
providing a fraction of said received voltage at said output
voltage port.

11. The voltage regulator of claim 1, further comprising a
pair of comparators each of which 1s associated with one of
said feedback paths, wherein each of said comparators 1s
configured to compare an output voltage at said output
voltage port with a predefined voltage and to generate a
feedback signal based on that comparison.

12. The voltage regulator of claim 1, further comprising
a first high-voltage control circuit for controlling said posi-
tive high-voltage source and a second high-voltage control
circuit for controlling said negative high-voltage source.

13. A voltage regulator for use 1 a mass spectrometry
system, comprising:

a first voltage regulator unit having a first voltage-regu-
lating transistor configured for regulating a voltage
generated by a positive high-voltage source,

a second voltage regulator umit having a second voltage-
regulating transistor configured for regulating a voltage
generated by a negative high-voltage source,

a polarity switch for connecting said first and second
voltage regulator units to said positive and negative
high voltage sources, respectively,

an output voltage port for recerving a regulated positive
and negative high voltage from said first and said
second voltage regulator units, respectively,

a {irst shunt regulator configured for controlling said first
voltage regulator umnit,

a second shunt regulator configured for controlling said
second voltage regulator unit,

a first feedback path extending from said output voltage
port to said first shunt regulator for providing a first
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feedback signal thereto, wherein said first shunt regu-
lator 1s configured to adjust conductance of said first
voltage-regulating transistor in response to said feed-
back signal so as to regulate said positive voltage at
said output voltage port, and

a second feedback path extending from said output volt-

age port to said second shunt regulator for providing a
second feedback signal thereto, wherein said second
shunt regulator 1s configured to adjust conductance of
said second voltage-regulating transistor in response to
said feedback signal so as to regulate said negative
voltage at said output voltage port.

14. The voltage regulator of claim 13, wherein said first
shunt regulator comprises a plurality of transistors con-
nected 1n series between a base of said first voltage-regu-
lating transistor and the ground.

15. The voltage regulator of claim 14, wherein said
second shunt regulator comprises a plurality of transistors
connected 1n series between a base of said second voltage-
regulating transistor and the ground.

16. The voltage regulator of claim 15, wherein said {first
shunt regulator further comprises a first voltage divider
connected between an input port of said first voltage-
regulating transistor and ground for applying to each of a
subset of said transistors of the first shunt regulator a
different fraction of a voltage applied to the mput port of said
first voltage-regulating transistor.

17. The voltage regulator of claim 16, wherein said

second shunt regulator comprises a second voltage divider
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connected between an mput port of said second voltage-
regulating transistor and ground for applying to each of a
subset of said transistors of the second shunt regulator a
different fraction of a voltage applied to the mput port of said
second voltage-regulating transistor.

18. The voltage regulator of claim 16, further comprising
a first diode disposed between the base of said first voltage-
regulating transistor and said plurality of transistors of the
first shunt regulator so as to activate and deactivate said first
voltage-regulating transistor based on a voltage at said
output voltage port.

19. The voltage regulator of claim 18, further comprising
a second diode disposed in series with said first voltage
divider and configured to activate and deactivate said tran-
sistors of the first shunt regulator based on the voltage at said
output voltage port.

20. The voltage regulator of claim 19, further comprising
a third diode disposed between the base of said second
voltage-regulating transistor and said plurality of transistors
ol the second shunt regulator so as to activate and deactivate

said second voltage-regulating transistor based on the volt-
age at said output voltage port, and optionally, further
comprising a fourth diode disposed in series with said
second voltage divider for activating and deactivating the
transistors of said second shunt regulator based on the
voltage at said output voltage port.
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